p53 concentrates at DNA damage sites within two seconds upon UV laser microirradiation. Structural analysis shows that this very rapid response requires both the DNA 15 binding and C-terminal domains of p53. This early recruitment response is also PARPdependent. As mutations within the DNA binding domain of p53, that are commonly associated with cancer also inhibit this rapid binding, we suggest that this is an important initial step for p53 function as a tumor suppressor. 20 One Sentence Summary: p53 is an early responder to DNA damage experiments, analyzed the data and wrote the manuscript. YHW and TH conducted the 25 experiments with help from AH and HCG.
Main text:
P53 is seen primarily as an 'effector' protein in the DNA damage response (DDR) signaling cascade. It is well known that an increase in p53 levels and nuclear accumulation occurs following DNA damage (1) . P53 then functions as a critical transcription factor regulating expression of a variety of target genes. P53-dependent activation of cell cycle arrest via p21 and 5 apoptosis via PUMA and Bax constitute the most extensively characterized roles of p53 in response to DNA double-strand breaks (DSBs) (2) . However, rapid binding of p53 to DNA damage sites is not generally expected.
p53 has been implicated in transcriptionally-independent regulation of different DNA repair 10 pathways like nucleotide-excision repair, base-excision repair and mismatch repair(3). P53 is also emerging as an important factor in regulating the balance between homologous repair (HR) and non-homologous end-joining repair (NHEJ) (4, 5) . Since choice of repair is strongly tied to damage sensing, these findings indicate that there may be an unreported role for p53 at the crossroads of initial damage sensing and downstream recruitment of and/or transcriptional 15 regulation of relevant repair factors. This is substantiated by findings that effects of p53 deficiency cannot be explained by systematic perturbation of downstream DDR or repair factors (6) . 20 To investigate the potential of p53 to function as a sensor of DNA damage, we micro-irradiated nuclei with a 355nm laser and monitored p53 recruitment. When RPE1 cell nuclei, in which the p53 locus has been endogenously tagged with a neongreen reporter, were irradiated at a single 3 point, p53 was recruited to the specific site of damage within two seconds ( Fig. 1A, D ). The magnitude of accumulation was dependent on the laser power and hence extent of DNA damage ( Fig. S1A, B ). Discernable accumulation of endogenous p53 at damage sites was found in 76% of U2OS cells fixed within 5 min following microirradiation ( Fig. 1F, G) . Line profile across damage sites showed a clear co-localization of p53 and γH2AX staining (Fig. 1H ). The staining 5 of p53 was lost upon p53 depletion by RNAi and the staining of γH2AX appeared more disperse ( Fig. 1I ). We also found that under conditions of overexpression of wildtype p53, EGFP-tagged p53 was similarly recruited rapidly to damage sites ( Fig. 1B, E ). This was in contrast to the p53 DNA-binding mutant, R248Q, which failed to localize to damage sites (Fig. 1C ). Hoechst 33342 photo-conversion was detectable only with 405 nm laser irradiation, and not with 355 nm laser 10 irradiation, either in addition to or in the absence of 405 nm laser ( Fig. S1C-D) . We therefore rule out the possibility of p53 rapid accumulation as a result of photo-conversion artifacts.
A measure of intranuclear re-distribution of p53 within and outside of irradiation sites revealed a single exponential time constant of around 0.8 seconds ( Fig. 1D , E) and could not be separated 15 from the bleach recovery suggesting that rapid p53 recruitment was diffusion-limited. Together, these data place p53 amongst other early sensors of DNA damage.
TP53 is one of the most frequently mutated genes in cancer, with mutants exhibiting diverse functional consequences which include loss-and gain-of-function(7). Mutations in the DNA-20 binding domain (DBD) of p53 constitute 'hotspots' and are commonly identified in human cancers ( Fig. 2A ). We generated various p53 domain-specific mutants ( Fig. 2B , Table S1 ) and tested their recruitment to sites of DNA damage. Strikingly, p53 DBD mutants (conformational (i.e. R175H, V143A, G245S) and DNA-binding contact mutants (i.e. R273H, R248Q)) were defective in recruitment to damage sites and this correlated with the loss of p53 function in vivo (Fig. 2C, S2A-B ). 5 We also found that deletion of the CTD (ΔCTD) abolished the early recruitment of p53 to sites of UV damage (Fig. 2C, S2C ). Meanwhile, partial loss of the CTD (Δ379-393) partially suppressed p53 recruitment with recruiting speed unaffected. It appeared that both the DBD and CTD were critical in p53 function as a rapid sensor of and responder to DNA damage. 10 The CTD is also significant as the site for p53 interaction with PARP(8-10) and PARylation (11) .
Once bound to p53, PARP can induce PARylation of p53. ΔCTD, which specifically lacked the PAR-interacting domain required for binding to auto-PARylated PARP1, failed to be recruited in both U2OS and Saos2 cells ( Fig. 2C , D, S2I). This contrasted with the Δ379-393 mutant, which retains about 20% PARP1-interacting capability and can be PARylated (11) , and was recruited to 15 a lesser degree.
Examining the N-terminus of p53, we found that mutations in the second, but not the first, TAD disrupted p53 recruitment ( Fig. 2C, S2E ). In mouse models, the first TAD domain is required for the transcriptional activation of the majority of p53 responsive genes; however the second TAD 20 has been shown to be sufficient for tumor suppression and only loss of both TADs inactivated tumor suppression completely (12) . In our study, the double TAD (double QS) mutant was also impaired in its recruitment. Thus, mutations that disrupted early recruitment of p53 to DNA damage sites also appeared to strongly correlate with loss of tumor suppression.
P53 functions optimally as a transcription factor as a tetramer. L344A, a mutant that abolished the formation of tetramers but allowed dimers, was recruited to damage sites. Whereas L344P, a 5 mutant which abolished both tetramer and dimer formation, was not recruited (Fig. 2C, S2D ).
Our analysis also revealed cell-type dependent differences in the degree of wildtype and mutant p53 recruitment to damage sites. Compared to U2OS cells, which contain wildtype p53, we found a dramatic increase in damage-dependent recruitment of wildtype p53 in Saos2 cells (a 10 p53 null cell line (13) ) and a slight reduction in three cancer cell lines that expressed either mutant or wildtype p53 ( Fig. S2F-G) . However, the DBD and ΔCTD mutants consistently failed to be recruited to damage sites in both cell lines ( Fig. 2D, S2H ). 15 Given that PARP was a well characterized DNA damage sensor and interacted with p53, we verified rapid recruitment of both these factors in our system. Next, we sought to determine the enzymatic requirements for p53 recruitment. The most profound result was seen with PARP inhibitors which completely blocked the rapid recruitment of endogenous and overexpressed p53 to damage sites in U2OS and Saos2 ( Fig. 3B -G, S3A-E). Strikingly, PARP inhibition does not 20 suppress rapid recruitment of PARP ( Fig. 3B , C, S3D), suggesting that rapid recruitment of p53 is likely dependent on enzymatic modification by PARP rather than direct interaction with PARP. In stark contrast, ATR inhibition had no effect on p53 recruitment and ATM inhibition showed a more complex phenotype where recruitment was possible, albeit slightly delayed and of lesser magnitude at an initial recruitment ( Fig. 3F&G ).
Based on our above findings and prior studies on the requirements of the CTD for PARylation, we tested PAR-binding-deficient p53 mutants where either four (PBM-4) or ten (PBM-10) 5 critical basic amino acids in the CTD were substituted with alanine(11) (Fig. 3O ). Their recruitments were also defective ( Fig. 3P, Q ), suggesting that p53 recruitment was dependent on CTD PARylation.
Here we describe a new property of p53 -its rapid recruitment to sites of DNA damage. The 10 response is remarkably rapid, detected within seconds of UV-irradiation and highly specific.
Rapid recruitment of p53 following laser microirradiation mirrors that observed with nuclear phosphoinositides(14) which can also complex with p53 (15) . The recruitment kinetics amongst domain-specific p53 mutants also highlights a need for better understanding of the mechanistic implications of such differences on mutant-specific function. Prior work portrays p53 as a late 15 player in the DDR, with protein accumulation, post-translational modification and transcriptional activity occurring hours after damage. Thus, rapid recruitment of p53 indicates that there are early processing events detected by p53 as part of DDR signaling. PowerChip, Teem Photonics) through a 60X objective (NA 1.4, Nikon). Detailed procedure was described elsewhere (1) . The power of UV laser used in this study ranged 0.2 to 3 nW measured from by the laser scattering light in the optical path, which corresponds to 1 to 15 nW measured at the back aperture of the objective. For convenience, the laser power reported in this study referred to the intensity of the scattering light measured from the optical path, which was set at 0.2 nW unless indicated otherwise. 5 In short, cells expressing constructs of interest were sensitized with 10 µg mL -1 Hoechst 33342 (Sigma-Aldrich) for 10 min. Localized DNA damage was introduced by exposing ROIs within nuclei to a 355nm (UVA) laser for 500 milliseconds at 0.2 nW laser power. The rapid dynamics of p53 recruitment was captured with a single channel live cell imaging with a frame rate at 1.25s 10 per frame with a Galvano scanner, while dual channel videos were taken at a half of the frame rate.
Materials and Methods
The long term observation (up to several hours) were taken at a rate of 5 min per frame. For immunofluorescence analysis, cells were seeded in grid-pattered glass-bottom dishes. Eight to ten cells were selected from each dish with coordinates recorded. UV laser beam were introduced at 20-30 seconds interval including the time needed for alignment so that all cells were ablated and 15 fixed within 5 mins upon laser microirradiation. To investigate the late response of p53, cells were fixed 12 hours after damage. The fixed samples were sequentially stained with primary antibodies against anti-phospho-histone H2A.X Ser139 (Abcam, ab2893) and p53 [clone DO-1] (Cell Signaling Technology #18032); followed by co-staining of secondary antibodies including AlexaFluor488-Goat anti-mouse IgG (A11001, Invitrogen) and AlexaFluor647-donkey anti-rabbit 20 IgG (A31573, Invitrogen). The cells were then imaged again using recorded coordinates with fixed parameters for all samples from the same experiment.
Image quantification and statistical analysis
To quantify the change in the fluorescent intensity upon laser microirradiation, we first perform image stabilization of all images using FIJI to get rid of obvious translational movement of nuclei, which was usually negligible within a 60 s experiment time window. The UV laser at 1 nW has a full width at half maximum (FWHM) at 0.85 µm measured from the bleaching profile of a 5 sandwiched thin-layer fluorescently labeled agarose gel. Following drift correction using the manual drift correction plugin by ImageJ, a ROI at 2.5 µm in diameter was chosen for analysis, which matches with the size of visible changes in fluorescent intensity due to thermal expansion.
The mean fluorescence intensity of the whole nucleus was also quantified and used for bleach correction. To prove that the intensity change within the ROI was due to the redistribution of 10 tagged proteins, we also quantified the mean intensity outside of the ROI but within the nucleus.
The data were then processed using a double normalization method following a background subtraction. The data were averaged from experiments with triplicates with about 20-40 cells per condition. Statistical analysis was carried out using GraphPad Prism version 6.04 (GraphPad Software, La Jolla California USA). Two-tailed t-test with Welch's correction, which does not 15 assume equal standard deviation, was performed throughout this study.
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